Using arguments similar to those used by Cribb 1 and Schulgasser 2 for thermoelasticity, Berryman and Milton 3 have recently shown that exact relations may be obtained for a porous material composed of only two porous constituents that completely ll the volume of the composite (except for the pore space within themselves). Although these results dramatically improve our modeling capability compared to that of Gassmann's equation 4 (derived assuming only a single solid constituent is present), the assumption that the two porous components must be volume lling is very restrictive and precludes using this analysis for the common situation in rocks and other porous materials where other voids and cracks are present. It is the purpose of this paper to point out that, by introducing another eld (temperature), we can obtain exact results for two constituents plus voids, thus eliminating this unpleasant restriction imposed by the previous approach. This idea is similar to Schulgasser's approach to analyzing three component polycrystalline composites. 2 For isotropic materials and hydrostatic pressure variations, the three independent variables in linear thermomechanics of porous media are the con ning (external) pressure p c , the uid (pore) pressure p f , and the temperature . The di erential pressure p d p c ? p f is often used to eliminate the con ning pressure. The equations of the fundamental dilatations are
for the total volume V ,
for the pore volume V , and
for the uid volume V f . Equation (1) serves to de ne the various constants of the porous solid, such as the drained frame bulk modulus K, the unjacketed bulk modulus K s , and the coe cient of linear thermal expansion for the composite frame. Similarly, (3) de nes the bulk modulus K f and linear thermal expansion coe cient f of the pore uid. Although reciprocity 5 shows that K p = K=(1 ? K=K s ) where is the porosity, the remaining bulk modulus K in (2) is independent of the others and (with rare exceptions 6 ) has seldom been estimated and never been measured for composite porous materials such as rocks. 
The constant M is related to the other moduli by
The heat capacity at constant pressure for the uid is c (f ) p and for the composite frame is c p , while the ambient temperature is 0 . The rst equation in (4) is just a restatement of (1). The second equation follows immediately from (2) and (3). The third equation follows from the de nition of the entropy 8;9 and reciprocity, since the matrix in (4) must be both symmetric and nonnegative.
Now the unjacketed modulus can be related to the thermal expansion coe cient and the constituents' properties. Suppose a composite porous medium is composed of two types of porous solid (A,B) occupying volume fractions v A = V =V , respectively. The porosities of these two constituents are (A) and (B) , at least one of which must be nonzero and composed of connected pores. The drained frame moduli of the constituents are m . The thermal expansion coe cients of the constituent grains (and therefore also of the frames and pores) are (A) and (B) . The heat capacities at constant pressure for the constituents are c 
These relations determine K s in terms of together with the constituents' moduli K ; (B) . If the bulk moduli of the constituents are the same so K For the combination of p f and given by (7), the porosity of the composite does not change. In fact, changes in p f and do not induce changes in porosity for either constituent and, since the overall deformation takes the form of uniform swelling or shrinking, is constant. Thus,
Combining the result (7) with (8) 
In the limit of equal constituent bulk moduli, it is again clear that
regardless of the values of the s. The result (9) could also have been obtained by noting that in (4) equals the volume average of the uid increments in the three types of constituents. Although instructive, this approach is much less e cient at producing the desired result (9) than the derivation presented here.
The increment of entropy s may also be computed as the average of the constituent entropies. Using this approach, we nd that the e ective heat capacity c p of the porous frame is determined by Various other exact results may be obtained using standard arguments from thermodynamics. For example, consider the limit of constant total volume ( e = 0) when the porous frame is drained of uid. Then, it is easy to show that the heat capacity at constant volume is given v may be used to eliminate the c p s in (11) , thereby producing an exact expression for c v in terms of constituent properties. Similarly, considering the adiabatic ( s = 0) limit when the frame is drained of uid, shows that the adiabatic bulk modulus of the porous frame is K a = Kc p =c v . Once exact results are available for all these constants, then the Gr uneisen parameter = 3 K=c v may also be computed for the composite porous medium.
Two other results may be obtained in the undrained (and con ned = 0), isothermal ( = 0) limit. The undrained bulk modulus Tables I and II . These values are used to evaluate the inverse of the ratio in (7) for some pairs of minerals in Table III . We see that this factor can have either sign. Recalling that 1 GPa = 1 kJ/cm 3 and assuming that the di erence ( ? ) ' 5 10 ?7 K ?1 , the correction to the pore bulk modulus (1=K ? 1=K s ) can be negligible or it can be of the same order of magnitude as the unjacketed compressibility 1=K s . Thus, the importance of this correction term is strongly problem dependent. On the other hand, the correction to the speci c heat (c p ? hc p i s ) is of about the same order as the di erence (c p ? c v ) and therefore generally negligible.
It is di cult to make any further quantitative progress until some of the remaining unknowns in the equations such as ; ; or K have been measured.
The results (7), (9), and (10) apply generally to two-component composite porous media with or without additional voids or cracks present. The authors' earlier exact results 3 for K s and K in terms of the frame and grain moduli of the components are valid only when these constituents are volume lling, so no additional voids or cracks were allowed. Thus, both sets of formulas are valid in the absence of extra voids and cracks and, therefore, additional relations between the various bulk moduli and the thermal expansion coe cients follow easily from the results presented here in this special case.
Another advantage of the new formulas is that the key ratio found in (7) depends only on material constants K m and (that are commonly tabulated for minerals, metals, etc.) and { most importantly { have no dependence on the porosity. By contrast, the earlier formulas 
